The testicular effects produced by di(2-ethylhexyl) phthalate (DEHP) in the rat, characterized by a decrease in the relative organ weight and histological changes in the seminiferous tubules, can also be produced by di-n-butyl, di-n-pentyl and di-n-hexyl phthalates. The corresponding monoesters of these compounds, formed in vivo as a result of the action of nonspecific esterases in the intestinal mucosa and other tissues, were equally effective in inducing testicular damage.
This paper presents a brief review of some of the earlier work on phthalate-induced testicular injury followed by the results of studies conducted at BIBRA.
The first reported finding of phthalate-induced testicular injury in experimental animals was by Shaffer et al. (1) in 1945. The oral administration of di(2-ethylhexyl) phthalate (DEHP) at dietary concentrations of 0.075, 0.75, 1.5 and 5.0% to rats for 90 days resulted in tubular atrophy and testicular degeneration resembling senile changes at the two top dose levels. Subsequently, Harris et al. (2) found occasional incidence of tubular atrophy in rats fed DEHP at 0.5% in the diet for periods of 3 or 24 months.
Other reported instances of phthalate treatment leading to testicular effects in experimental animals were by Calley et al. (3) , who found that the daily intraperitoneal administration (250 mg/kg body weight) of DEHP or di(methoxyethyl) phthalate in mice for 6 weeks significantly reduced the relative testicular weight. Furthermore, these two compounds administered IP at half or two-thirds the LD50 dose levels produced an antifertility effect in male mice (4) .
A 90-day feeding study of DEHP in the rat conducted at BIBRA (5) relative liver weight in the treated animals but also a decrease in the relative testes weight of rats on 1.0 and 2.0% DEHP (Table 1) . There was histological evidence of testicular injury, and additionally, "castration" cells in the pituitary at all treatment levels. The histopathological changes in the testes from DEHP-treated animals ( Fig. 1) were characterized by a marked reduction in the diameter of seminiferous tubules, the germinal epithelium consisted only of Sertoli cells, spermatogonia and a few spermatocytes, and there was cessation of spermatogenesis. The interstitial tissue and Leydig cells appeared normal. The testicular atrophy produced by DEHP at the 2% dietary level occurred within two weeks of treatment. In the first series of experiments on the ability of phthalate esters to produce testicular injury in the rat, a target organ study of two weeks' duration showed that, whereas diethyl phthalate had no discernible adverse effects on the testes, di-n-butyl phthalate (DBP) produced testicular atrophy, possibly more severe than that produced by DEHP.
Studies by Cater et al. (6) on DBP showed that the oral administration of DBP at daily dose levels of 500 and 1000 mg/kg resulted in a significant reduction in the relative testes weight within 6 days and 4 days, respectively ( Table 2 ). The corresponding monoester (MBP), the major urinary metabolite of DBP (7), was found to be even more effective in reducing the testes weight. The histopathology of the testicular lesion produced by DBP or MBP was similar to that following DEHP treatment. Measurement of urinary zinc levels by atomic absorption spectrophotometry showed that following DBP treatment there was an increase in the urinary excretion of this element, known to be essential for testicular function (8) . Studies us- cSignificantly different from control, p < 0.001. (Table 3) . Furthermore, the loss of testicular zinc in DBP-treated rats was accompanied by a decrease in the activities of two enzymes containing zinc, namely, alcohol dehydrogenase and carbonic anhydrase. Studies on the testicular effects of monoalkyl phthalates derived from butyl alcohol isomers (9) showed that except for the tertiary butyl ester which was inactive, mono isobutyl and secondary butyl phthalates were as effective as MBP in producing testicular atrophy in the rat. Additionally, only those isomers producing testicular damage were found to alter zinc metabolism by increasing the urinary excretion of zinc and by depleting the concentration of this element in testicular tissues (Table 4) . Investigations on the mono-n-butyl esters of phthalic acid isomers showed that whereas the ortho acid ester damaged testicular tissues in the rat, the meta and para derivatives were inactive. Species sensitivity studies provided evidence that the rat, mouse, guinea pig and ferret were susceptible to testicular injury from DEHP and DBP (Table 5 ). However, the hamster appeared to be resistant to the gonadal effects of these compounds at the dose levels investigated. Furthermore, the corresponding monoesters were also found to be ineffective. A possible explanation for this finding in the hamster will be given later in the text.
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As the formation of monoesters is an important metabolic step in the intestinal absorption and gonadal toxicity of oral ingested phthalates in vitro hydrolysis studies were conducted on a range of dialkyl phthalates employing small intestinal mucosal preparations from the rat, ferret, baboon and man (10) . The results (Table 6) showed that the rate of hydrolysis of a dialkyl phthalate to the corresponding monoester was similar in the experimental of di-n-alkyl phthalates, ranging from C1 to C8, in the rat (11) showed that whereas the butyl, pentyl and hexyl compounds produced testicular injury, the lower and higher members of the series were inactive (Table 7) . Furthermore, in agreement with the earlier finding that phthalate-induced testicular injury was accompanied by an adverse effect on gonadal zinc metabolism, only with those com- (Fig. 2 ). E.M. studies confirmed that the main site of injury in the seminiferous tubules was the Sertoli cells and histochemical succinate dehydrogenase activity in the mitochondria was markedly reduced (Figs. 3 and 4 ). Further Table 6 . In vitro hydrolysis of some di-n-alkyl phthalates by small intestinal mucosal cell preparations from the rat, ferret, baboon and man.
Amount of product formed, ,umole/hr/mg intestinal cell protein Rat (4) Ferret ( 104.5 ± 4.9 aThe compounds were given orally at a dose of 7.2 mmole/kg/day for 4 days to young male animals. "Testicular injury score: (0) no effect; ( + ) atrophy; + + + ) severe atrophy.
cSignificantly different from control, p <0.001. evidence that the Sertoli cells were the main target site was obtained from the finding that phthalate treatment reduced the production of rete testes fluid and of androgen-binding protein (T.B.G Gray, unpublished observation).
The rapidity in the onset of testicular atrophy and the characteristic changes produced in the seminiferous tubules suggested the possibility that tubular cell preparations in culture may respond to phthalates in a manner similar to the intact animal. The close parallel in the response of testicular cell preparations in culture to phthalates and their effects in the intact animal indicates that this in vitro system may be of value, not only in studies for the elucidation of mechanisms, but also for screening compounds for testicular effects in experimental animals and in man. Studies directed to these ends are currently in progress. 
